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ABSTRACT 


This report discusses an investigation of the 
ibility of defending surface vessole against 
low-flying threats, Various models an? tech- 

d on them for the estimation of 

are derived using a poly- 
static radar approach wherein targeta are ile 
luminaced with skywave and surface-wave modes 
and reflections are received by a shipborne 


Two of the modela were tested via aimulatio: 
в two-tranamitter, one-receiver (double base. 
line) саве and a one-tranamitter, оле-ге 
(single baseline! case, The results of the in- 
vestigation indicate that of the models te 
only the double baseline approach may be a 
feasible method. However, further analys 
їз needed before a final conclusion can be 
reached, 


Two configurations that might be feasible for 
the ahipborne hardware required to perform 
the azimuthal and Doppler measurements are 
discussed: the multiple-baseline/pattern- 
recognition system and the switched linear 
array Doppler direction finding system, It ie 
concluded that the relative advantages of the 
two systems should be investigated to select 

- the one appropriate to the specific appli- 
cation desired. 
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INELASSIFED 一 


Seetlan 1 
INTRODUCTION 


The detection of low-flying threats to surface ve: ele ata 
range sufficient ta give useful warming time and tracking information ls a 
problem which must be solved if the surface navy ів to survive, In detecting 
these threate the eme muat not be given the opportunity to use simple 
direction finding techniques to locate [leet unite. Thus, it la desirable that 
target detection not require radiation from the flert and that the fleet operate 
under complete electromagnetic control (EMCON). 


The feasibility ef using a hybrid (skywave/aurface-wavel 
system to help nolwe this problem haa heen demonstrated ap part of the 
MAY DELL Program. tn thie concept, the target.ls illuminated by skywaves 
from tranamittere ther shipborme or land-based) located at over-the-horizon 
IOTH range». Suziace waves which propagate (rom the target to a recciving 
system aboard a ship permit detections to be made even when the target i 
below the line-of-waght radar horizon. 


Experiments performed at Cape Kennedy, Florida, with 
а shore -baned receiving station nizzmlating the shipboard environment. a 
Navy РУУ aircraft ae a controlled target. and illumination provided by the 
MADRE (pulse! and CHA PET, EI. E. (phase code) transmitters, located 
reapectively in Marpland and Virginia, have shown the technique to be feasible. 
For most of the flighzs of the target ite altitude was 200 feet, and detections 
were made at ranges ae great as IO% kilomcters (km) from the receiver, 


1.2 Wr EEASMILITY STUDY. 


5 Ka an application ef the hybrid-system, Meet alr-deiense 
technique, a feasibility study under Project AQUARIUS has been conducted to 
determine the practicality of defending the Mediterranean Fleet against low 
Arlon aircraft and ernise missiles weing over-the-horizon deteetion (ОНР) 
skywave--surface-ware and surface-wave--wurface-wave techniques. А 
parallel stiert within thie study wae ae determine if simple continuous wave 
(CW) rather than range code traneruiasions could be used which might then 
result in a simpler, more mobile eyatern, 
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[UE ERN 
it was determined that shore - ed HF (CW! aources 
could ba used for ekywave and eurface-wave target illumination and shipbaard 


receivers used to detect the eurface-wave Doppler shilted signal scattered 
vy the targe sonable powera (10,000 W), vertical antennas 


and 160 m? cro: a target detection range of approximately 100 km 
from the ship le typical. 

Although the fieppler detection provides some Information 
about the target velocity and direction, because of symmetry, targets flying 
near the transmitter may give the same Doppler shift as those flying near 
the ship. Thus a means of discriminating between threataning and none 


threatening targets may be ве Important aa detecting the targete themselves, 
at OTH ranges. 


This report deseriber the derivation and presenta simule- 
tion results for three straleht-forward techniques which allow OTH target 
n and tracking while maintaining EMCON, 


Derivations have been made of techniques tc provide 
location estimates of Iow-flying targete using a polystatic radar approach in 
which the targete are illuminated with skywave and/or surface-wave modes 
from a land-based HF CW transmitter and the reflections from the targeta 

ceived bv a shipborne receiving system via surface wave m. The 
used have been examined for two configurations’ a two-transmittor, 
{ver (double baseline! case and & one-transmitter, one-receiver 
For the double baseline casa two models were de- 
ent azimuthal and Doppler measurements made at two 
line and а second to represent a single 
of measurements for each baseline, For the single baseline case a third 
model requiring two sete of azimuthal and Doppler mei de- 
veloped. “ 


one- res 
{single baselinel ca 
veloped, one to repr 
different time pointa for each bi 


urements wi 


Th 


second and third modele were simulated for aircraft 
detection in the Medite: nean for two situations: one in whieh the alreraft 
flies directly at the ship and a secouś in which it Mies at an angle of 30 

from the ship. The influences of bearing error measurements on the trajec- 
tory estimation were examined. 


В 
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Implementation considerations indicate (nat Doppler 


resolutione of 0, 1 Hs and arimuthal accuracies of 1. ^ degrees RIS are 
feasible, 


Two cunfiguratione-athe multiple -baeeline / patte. 
recognition syatem (MB/PR) and the switched linear array Dopyler direction 
finding ayatem (SLADI--that might be feaaible for the shipborne hardware 
requived to parform the aximuzhal aud Doppler measurements are discussed, 


1.4 (0) дат CONCLUSIONS. 


The results of the investigation indicate that the double 


baseline is sup ngle baneline approach. The necesewry 
assumption required by the single baseline method introduces large errors 
in practice and makes thla formulation of the method unacceptabie. An 
imation accuracy of | km in range ie achievable for the idea! dowi. 
there are no measurement errore, Inaccurate 
lar errors in range estim: 
A preliminary error analysis andient 
nat errors of 42? in bearing measurement "ezult in range errors of | - 5 km, 


From the foregoing results it ie concluded that the doulle 
baseline approach appears to be a feasible method for estimating the location 


reraft using a polvstatic HF system. However, additional 
quired in 


ta} detailed error analysis of the double baoeline 
(aingle measuremnerti method, 


(b) — a simulation and error analysis of the deable 
baseline (multiple measurement) method, 


tel location estimation of high flying aireraft/ 
missiles (the case for which a flat earth and 
two dimensional mode] ia no longer vakdi, 


em design for implementing the double 
baseline (single mearorement) method, and 


de) || analysis of other darmulations of the single 
baseline approach, 
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It le also concluded that the two possible shipborne hardware 
e 16 the 


"ч 


= OF eas. 


systems should be further loveatiqated to selec. the one must appropri 
epecifie application desired, 


1.5 (U) REPORT ORGANIZATION. 


This report consiste of four sections, The first presenta 
introductory background intormation concerning previous work done on 9 
detection of low-flying threats to surlace ve 
ibility atudy d 


gives a summary of the study and 
ction describes the modele ut 


timation 

the simulstion and testing 
: that waa performed on two of the modele and pointe out sources of 

i asch, — of the effects of errore in the ed 

Н iven, Finally, Section 4 discusses wa; igning nd 

€ hardware required to provide the azimuth 4.11 Dop- 

i pler measurement information necessary to the application of the derived 
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DERIVATION FOR AIRCRAFT TRAJECTORY ESTIMATION 


Section 2 


2.1 W js GENERAL. 


Av described in Seetion 1, pi 
low fying aircraft and/or cruise missiles may be accomplished using a 
bietatie radar with jed transmitter for 1 illumination combined 
with passive shipbosrd reception. In fect, over-the-horlton warning may be 
accomplished without active shipooard radiation il. е. , with electromagnetic 
control, ЕМСОМ. Tha techniques considered In this study appear to eliminate 
two fundamental problems associated with CW-Dopple le ra 


etion of tha Пен? against 


a. — Target signal amplitude given no indication of whether 
the transmitter ст the receiving 、 
ie rada: ө equation is 
symmetric about the tranamitter-target and receiver» 
target ranges. 


b. | Single Doppler meaauremente alone cannot provide 

unambiguous terget location since single Doppler 
location ambiguity 
ed by the geometric eymmetry between the 
miller, receiver and target. 


Three separate derivations will be given describing techniques 
which may be used to locate and track low flying targets which may threaten в 
«urface fleet. 


(U) MODELS USED. 


2.2 


For the two-dimensional (flat earth, low flyin,) situation 
егей here, two geometries are worth investigating: a te- 
iranamitter, one-receiver (double baseline) case and a one-tranemitter, one- 
receiver [aingle baseline) c For the double baseline case, two models 
were developed. One mode! requires that, for each baseline. arimuth and 
Doppler maasurements be taken at two different time points, The other t оде! 
requires only one azimuth and Doppler measurement for each baseline. The 
geometries for these two models are Illustrated in Figures | and 2, The 
single baseline model requires azimuth and Doppler me 
different time pointe: the aeometry for this model is shown in Figure 3, 
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Figure L, (U) Double-Baneline, Two-Mrasurernenta 
Model. (0) 
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Figure z. (U) Doubie-Baseline. One-Measurement 
Model, (U) 
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Figure 3, (U) Single Baseline Model. (Ul 
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2.2 tui 


CONTINUED. 


Of the three modele, the single bi ia the most 
desirable trom an operational point of view because it requires monitoring 
only one transmitter. Of the double baseline modele, the one-messurement 
ча the simplest and the et to implement. The following derivations 
describe bow trejectary information may ba obtained using each of these 
All modela assume that the aircraft of interest hae constant velocity 
and direction. Flat earth geometry je assumed, a valid simplification 


1.2.1 (u)  Doubie-Baseline, Two-Measurernents Model. 


Consider the single baseline, one time point ait 
in Figure 4, whare a vehicle i» moving at an unknown velocity Ô, 0 
batwaen the transmitter and the receiver ie assumed known t 
transmitter ls broadcasting on a known wavelength 


of the target at the receiver, o, and the Doppler shift, Af, ara mai 
The received Doppler shift for this geometry may be 
written аа 
Sian a 
at 107 ++! 
..2 
ra + cos enn 


. a and f can also be written: 


% * 90 40+ 65 


1 
в, * 9045-8 


Therefore, 


At = Y [sin (o6 + sin (0-05) 
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Figure 4, (U) Variables for Double-Baseline, Two- 
Measurements Model, (U) 
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2.1.1 ал 


A| aene 


» un 
Diana -a| 


М there are two tranemitter geometries, which shall be 
distinguished veing subscripts, then the following three equations can be 
written: 


м, з, fe өүү! + "E 


A af зала, 
At, 22 fein e, + sin ftaa | , «а 
23, 2 2 ر‎ tanap رھ“‎ 
and 


tb te [E 


where € is the angle between the two baselines, ae shown in Figure 1. The 
value of ¢ may Łe calculated because the coordinates of the two transmitters 
and the receivere are assumed known, 


2 If additional azimuth and Doppler measurements are made 
for these same two geometries at aome time 21 later, then four more 
equations can bę written. Thie set of equations Is dis 


acript prime, 
EE ża lean (LL 
1 {= е, MU + ein Мал 6 


t. hr 6 + 621 + ein ра 


8 
v 
m 


2 12 
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2. 2.1 (U)  --Continued. 
a vât cos 81 [7] 
a, vât cos 6) m 


The last two equations are a result of the conetant velocity 
Aud direction assumption, АП seven equations сап be combined into а ny! 
of four equations in four unknowna by eliminating б, from the equation: 
resulte 


at. = Күбө. ау, бу 


Af, = Fy (0, в. 


ar’ F.. aye 0 
At F. dv. ay. б) 


where the тү * V are different functions of the argument parameters, 


The unknowns 


Ay, à, and 6. The measured quantities are о.о, 


D 
Py. 0, 
be solved for the unknowns and the ground range from the receiver to the 
target could be calculated by 


Aye A At, and є. The above set of simultaneous equations may 


Although this procedure ylelds four independent equations 
which may be solved for the target position, в slight reformulation of the 
problem can reduce the number of equations by two as described below. 


+12- 
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2. 2. 2 tor Double Baseline, One-Measurement Model, 


The variables for the double-ba: 
model are defined in Figure 5. As in the previous сав. 


receiver distances, D, and D,, and the transmitter wavelengths. >, and 


sumed known а priori. The azimuths, oj, ando,, and Doppler 


12. are 


shit, Af, and М). are the only quantit 


» requiring measurement, 


From another form of the Doppler equation. 


where p » dp/dt and à, є dn/dt 


From the Jaw of cosines, 


n, „ (pte o, arb, coe ein 


tpb БЮ, cos u, + pD, ży sine) 
s [ERE 172 ei 
(реж D, - 2pD, cor uj] 


whera 51 = da, /dt 


Similarly 


(Pp = PD, con o, + РО, З, sin oz) Я 
NH 


7 
Ip + 2D cos e! 


Mete that йр = ò, © 4, The quantity ё can be estimated using the previous 


azimuth measurements as follows: 
[o fti + aj t- + [ею =u, te- au 


p 
* 
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Figure 5. 


URCLASSIFIED 


(U! Varlables for Double-Baseline, One- 
Measurement Model. (UI 
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2.2.2 (U) 2. Continued, 


Now define hi, qj. тү. and ej as allows: 


1 72 


bi = der. ŻPD, cos aj 


1 

a, * 444; 

тр = Di cone, 
«| * Due sine, 


Tha quantities hz. qj. 13. and 


а similarly defined, Equations (8) 


and (9) ean then be written as 


pb - br, + pa, 


h. 


PR 27 
2 h 


2 


So Sf, can be written 
TTE 
an oth p لال‎ 
^ 


Similarly 


Solving for b. 


ben‏ + رر 


b -z— по 
thy + zer 
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2.2.2 (W) =-Contiaued。 
Also, 

tx * bh + butt pi 
and eo 


"fa, Bí + Bihler] 
"Р 


P = un 


Equationa (10) and (111 form a system of two equations 
in two unknowns f; 
so that, for this formulation, the 
rection are пої necessary, 


umption of constant velocity and 


2.2.3 (U) Single Baseline Model, 


The final derivation to be considerad ia that involving the 
mode! using only one transmitter. The variables for the single baseline model 
are defined in Figure 6. Aa before, the tranamitter-receivst distance, D, 
«nd the tranamitter wavelength, A, а sumed known, The &zimutha, є 
ando', and Doppler shifte Of and Af', are measured quantities where the 
primes eignify measurement at some time At alter the firet (unprimed! 
measurements. The velocity, u. of the vehicle Is not known. 


From the Doppler equation, 


ni 
teen 


tiM eain 


From the law of cosines, 


„ = GI ¢ DF - 2pD coe il? 


э. 
x 


177 
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Figure 6, (U) Variables for Single Baseline Model, (U) 
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2.2.3 (U) z-Continued, 
Similarly, 
ка 
tp 2 


In order te find a solution using only one baseline, two 
approximations have to be made 


(а) b ie constant; ie., P' = p and, furthermore, 
p bat 
(o) 2 is constant: l. . 5 ró 


Over shart time intarvale (small ât) these assumptione are reasonable, The 


angular velocity b can be estimated aa follows: 
о.о 
$ et 
These approximations are atrictly true if the target is flying on a radial path, 


toward or away from the ship, 


Combining the equations and approximations above gives 


-Afi = -q = p+ p (реті + pa 
5 


where 
баз on 
r = Dcosa 


Diane 


h = (p? 02. 2b cos oil 
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(Ul zzContinued. 


Substituting p = p' bot. squaring to eliminate square roota and algebraic 
je cubic equation 


Ap snp - Cp+ Deo З па 


where 


гм? (а-а 


> 


м? (92-62) + At (48Р 49р" + Zet (pier De - г 
at 12qzr-2q2 р+2раб нар (а-а) + 2p'r le- 200 + 2402 


p? «ha + 9 f 2 


o n ж 


Thie cubic equation can be solved for b and the correct root chosen. Also 
note that p is якій a function of the single unknown p. 


In similar fashion, 


or 


-At » be 


Where h'. q'. r' and e' are defined similarly to h. 4. r and a. 


New 
“ht b M- TU s p' жао 
or 


. cg hts bth’ 
P Pe as 
Faquations (12) and (13) form а set of simultaneous equationa in the two 
unknowns p- and b which may be solved for the target position. 


Software simulations have been written to estimate the 
target location accuracy to be expected by using these techniques, The reaulte 
of these simulations are discussed in the next section. 
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Section 3 


SIMULATION AND MODEL TESTING 


'ODELS 


was not simulatea. 


за tu! DOUBLE-BASELINE, ONE-MEASUREMENT MODEL. 


An algorithm was developed for solving aets of nonlinear 
simultaneous equations auch as equations (10) and (1l! in Section 2. The 
algorithm is based on a standard iterative procedure for solving equations of 
the (orm p © (1р) (see. for example. Introductory Computer Methods and 
Numerical Analysis, by Ralph Н, Pennington, The MacMillan Ca.. 19641, 
This procedure consists of estimating a solution p, and using thie estimate 


to got a new estimate рү. where m = fip). A mew estimate p, in obtained 


from p, = (ру), and во on until lp,- p, ,l e. where € ін some small 


number. At this point the proces 
р = ру in practice, each aucer 


solution 
to 


judged to have converged with 
ive p, is transformed slightly 


guarantee convergence. 


Graphically, thin technique ameunts to finding the intersection 
of the plots of y, = fipl andy, = p. The point of intersection ie where the 


algorithm converges. In actual practice. there may be more than one inter- 
section, Hawever, the correct root may be determined by examining the sign 
ef b and the trend of the previous values of p. 


mulation. 


8 o, The situation almulated is that of a ship in the Mediterrenean 
sea at 37°N,, 25°E, and an aircraft at a range of IRO kilometers, due north, 
flying at 720 km/hour (about Mach 0. 661. Two cases are considered as shown 
in Figure 7. [n the first case the aircraft Is merely flying at a 30° angie by the 
ship, whereas in the second case it ia om anattack course, heading straight for 
the ship. In both cases, the apeed and direction of the alrcraft are constant, 
The transmitters е umed to be located at Rhodes and Athens. 
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Figure 7. (U) Geometry of Situation Being Simulated. (Ui 
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3.2.2 {U} Simulation Results for Double Baseline Model. 


The results of the two sirnulatione are presented in Tables 
1 and 2, These tables give the actual and estimated range, p. and the actual 
and estimated derivative of range, p. at intervals of 60 seconds for the two 
eases. 


TABLE |. (U) ACTUAL AND ESTIMATED 
CASE 1. Пл 


2 Estimated р | Estimates 
ta Y (km)  |fkm/aeci| (km/sec) 
0 


ES FOR 
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TABLE 2. (Л ACTUAL AND ESTIMATED QUANTITIES FOR 
CASE 2. (л 


3.2.2 U Ones 


The most accurate results were obtained for case Z. the 
attack са For case 1, the fly-by. errars in the range estimate are on the 
order of 0.5 to 1.0 kilometers. The reasons for these differences are 


LES (U) Sourees of Error. 


: ‘The sources of error include the lincar estimate of rate 
ef change of azimuth (4) and measurements of azimuth and Doppler frequency, 
Of the „the main source of error in determining the range is that due to 
b. given in Section 2, For example, in casc | at 400 seconds the estimated 
value of ù ie 1.27) x 1072 radians/second, while the actual value 
1.300 x 107? radiana/eecond, ing the estimated value of й, a solution of 
p * 118.28 km was obtained. Using the correct value of à. however, yielded 
a solution р = 117,51 km, The actual solution is p 117. 72 km, 
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3.2.3 u 


=-Continued, 


For some situations, a plat of y = Р) shows that i 
very cleas to the function y=p for a wide range of p. In this "ange. the 
errors in {Їр} caused by the emall errors in estimating û produce drastic 
differences in where the two curves intersect, and hence produce errora In 
the range estimate, Normally, however, the set of conditions that would 
produce thie problem occurs only for target» outside the detection range and 
would not affect a practical trajectory determination scheme, 


Tt is now apparent why tbe trajectory estimation for саве 2 
wae more accurate than for case 1: in case 2 the azimuth is constant, hence 
& * 0 and errore due to estimating à pear. It (allows thai during 
the most critica! situations that the greatest accuracy can be expected, 


3.2.4 (Ul Sensitivity to Measurement Error. 


During the simulatione discusecd above, И was assumed that 
the azimuth and Doppler measurements were exact, During normal operation 
In « chipboard environment great accursty is not possible, To test the 
sensitivity af the model to measurement errors, range estimatee were obtained 
for various eombinatlons of errore in measuring azimuth angles ор, and w, 


and Doppler ehifte at, and An. The measurement errors and the corre: 


sponding range estimate are tabulated in Table 1. The estimates were made 
at time = 400 seconds In case І. 


The errors in measuring Af, and Af, have the least 


effect on the range estimate, The percentage error in the range estimate is 
about the same as the percentage error in these measurements. However, 
the errore In measuring azimuth have much greater effect, Here the errore 
in the range estimates are considerable. This is mainly due to the azimuth 
errors yielding very inaecurate ò estimates, which has the effect noted in 
the previous section, The subject of measurement error and error sensitivity 
needs further investigation, 


2.3 {U} Single Baseline Model, 


Simulations of the two casea described in 3,2,1 were also 
done using the aingle baseline model. The model failed to give good range 
estimates In nearly every situation. The probable reason for th 
intraduezd by the а 
At the present time it is not cl 
is practical. However, further simulations using thle technique will be 
investigated. 
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TABLE 3. (U) ESTIMATED RANGE WITH MEASUREMENT ERROR 
(CASE М lin 


Error in | Errorin | Error in à Estimated 
"2 as м, шее ш 


P 
{degrees} | (Hertel (Hertz) se tkeni 


eds 


. 
99 388988 


S 
ese ese 


2888888888 


NOTE: 


Fxactuj = ка, 49° 


Exacta, +26199 


Exact Of, + 6.174 He 
Exact at. 4.636 Hz 
Time з 400 seconds 


3. 2. 6 1U) Summary and Conclusions, 


ta summary, the double-baseline, one-measurement model 
yielded reasonably accurate trajectory estimates for two different airnulations. 
Thé model wae found to be more accurate when the azimuth was not changing 
(à #0). It is much more sensitive to azimuth measurement error than it le 
to Doppler -shift urement error, Since azimuth measurement is likely 
to be a difficult laek in a practical implementation of thie technique, investita- 
non of ways to minimize the effect of azimuth errors should be initiated. Thi 
model should be tested further to uncover any undetected difficulties. 
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5. 2. 6 (U) --Contlnued. 


At the present time the single baaslina model has not been 
shown to be feasible, The double-basellne, two-measurement model has not 
beer tested. 


— гт — ш 
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DETECTION SYSTEM 


ча GENERAL SYSTEM CONSIDERATIONS. 


simulation results discuseed in Sections Z and 
developed with the implicit asaumption that the hardware 19 preville 
the necessary azimuth and Doppler measurements could be ma 
їл fact, an HF protot em for tracking low-fiying tai 
beyond eadar line of night can be built with available hardware. The item of 
з Graatest concern in implementing such а system is the difficulty of budding 
о — an accurate shipboard HF direction finding system. The following wub- 
sections describe the techniques and hardware that could be used to imple- 
‚ment the system. 


4.2 (pr DOPPLER MEASUREMENT. 


Precise target Doppler measurements {within D. | Hz) ba 
been made by both RUD and operational over-the-horizon (OTH) radar systems. 
A block diagram of a typical single channel receiving and data processing 
system is illustrated in Figure В, Digitally tuned, synthesizer controlled 
receivers are preferred lor their frequency stability. Each receiver output 
would be digitally spectrum analyzed with 0,1 Hz resolution with approxi- 
mately a 50 He bandwidth to cover the maximum expected target Doppler 

shift, The Doppler shift would be displayed on a hard сору fax in.the stand- 
ard time-frequency-intensity format. The Doppler «hift as measured from 

the direct path carrier could bu scaled manually by the operator or ecaled 
digitally for direct computer input using 2 xey digititing arm. 


lung 


14.3, 40) SHIPDORNE DF CONSIDERATIONS. 


Direction finding (DF) from a shipborne platform invalven 
many of the problems encountered by shore based DF systema such 
бепне nignal environment, multimode effec n from nı 
obstacles, It 


rby 
also constrained by the practical size of HF DF antenna 
arrays that can be employed. The signal envirunment varies according to 
radio frequency (RF) bend vf operation and geographical location of the 


platform. For operations in the middle of the Atlantic and 
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mutiny 


Figure 8. (U) A Typical Single-Channel Receiving and 
Preccaaing System, IU} 
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1.3 (U) Continue: 


& dense signal environment may not exist. However, for DF operation in 
the Mediterranean and near urban regions this problem ares can become 
severe. Narrow bandwidths (e. g-, 300-3090 На can be used on br 
receivers to minimize this problem. In addition. azimuth and elevation 
disc riminatiun can be employed in the antenna aystein design to extract the 
DF information from the signal uf interest in a dense environment, 


The multimode effect can become a problem when a akywave 

кә well as surface wave of appruximately equal amplitude impinges on the 
DF system. Because of the phase shift due to the difference in path lengths, 
reinforcement and cancellation vf signals uccur that will make DF measure- 
ments difficult for any HF DF array. Mecaune the signal reflected from 

the target in expected tu be principally a suriace wave, its greater amplitude 
will help to minimize any multimode effects. 


The most severe problem uf shipburne DF systeme ін that due 
to the reradiation uf an incoming wave from the various superstructure 
elements. Many solutions have been attempted but most seem to be unaatia- 
factory because of the cunstrainis and requirements placed on à shipborne 
DF system. These constraints are concerned with ~- 


(a) the size of the antenna array and 
(b) the location/space tor DF system components 


The size of the RE ur array i» limited bx the dunensiona uf the ship. 

Because the principal dimension (length i on the order of 400 feet (destroyer 
class ship) and much of this length ia nut available for a DF system, a wide 
aperture НЕ DF antenna array (greater than 200 fect) ie nut generally 
feasible, The cunventional wide-aperture antenna avstem has the dual advan» 
tage of achieving a high mgnal-to-noiee ratio (from the pan of the antenna 
array) and high DF resolution (from the directivity of the array). Such a 
aystem han, the additional advantage that a certain amvunt of reradiation 
rejection is possible from the directivity of the array, The site constraint 

of shipborne arrays prevents these advantages (rom being realized. Une 
aliernative ie to employ a narrow aperture system. For this approach, 
which is very susceptible to reradiation effects, a location un the top of а 
mast away from superstructure elements ie required. However, the 
premium for mast and topside space make this alternative infeasible in 

most case 
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43 — 

The requiremente that must be met for shipborne HF DF systems 
vary according to application but generally may be stated aa shown in Table 4. 
Many of the existing and proposed systeme meet the majority of these require- 
ments, The principal requirements that are difficult to completely satisfy 
are the DF accuracy and the azimuth and elevation соустідса. This is Hue to 
the reradiation effects that cause DF erro! described above for both 
amplitude and phase comparison aystema. 


To date only two approaches appear promising for satisfying the 
shipborne DF requirements. These are: 


tal the mulliple-baseline/pattern-recognition IMB/ PR! 
system and 


(b) the switched Масат array Doppler (SLAD! direction 
finding system. 


The characteriatics of these two systema and their applicability to the early 
warning (EW) problem are described below, The referencew in footnotes 1 
and 2 below contain more detailed descriptions of the systems, 


4.3.1 tur Multiple Baseline/ Pattern Hecopnition System. 


The multiple baseline/pattern recognition IMD/PRI a 
initially suggested by D, Marx at Naval Electronic Laboratory Center NE I. c 
and employs an array oí antenna elements distributed around the ship, The 
phase difference between pairs of elementa is measured to form an input or 
signal vector, This vector is compared against a calibration matrix lo de- 
termine the direction of arrival of the incoming signal, Model measuremgnta 
were made by NELC for an HF system consisting of 15 antenna elementa, 

These measurements have been analyzed poing the MB/PR approach, The 
results indicate that, for low angle (85, 5° (rom zenith’ signals, root-mean- 
square (RMS) accuracies of better than 3. 3 are Sbtainable- For akywave 
апаа unacceptable accuracies (greater than 10^! resulled, For the surface- 
wave mode, for which the polarization is essentially vertical, the RMS accu- 
тасу improves to 1.89 (or leanı. For low-flying target detection applications 


1 K. f. Spencer, S. M. Watkins, . Greisser, A Study of the Switched 
Linear Array Doppler Direction. Finding System, SES-WD N32, 
November 1970. (UNCLASSIFIED publication’, 


2 C. Cornwell, Shipboard HF DF Final Report, SES-WD С-942, 
January 1971, {UNCLASSIFIED publication). 


3 NELC Technical Document Хо. 72. 
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Table 4. (U) GENERAL REQUIREMENTS FOR A SHIPBORNE 
HF DF SYSTEM. (U! 


a= |. ем 


130 feet 


Maximum dimension 


System location оо deck 


DF accuracy 


4 degrees RMS or better 


System sensitivity 


8-10 uv 


3609 


Azimuth coverage 


19? (above horizon 


Elevation coverage 


Dependence on signal 
characteristics 


independent of modula - 
tion and multiple sign 
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4.3.1 tu) Continued. 


where the primary propagation mode face wave the MB/PR approach 
appeare to be promising in terms of satisfying the DF accuracy requirement 
and overcoming the reradiation problem sboard ships. 


4.3.2 (U) Switched Linear Array Doppler (SLAD) Direction 
Finding System; 


The switched linear array Doppler (SLAD) direction finding 
lem is a method of determining the direction of arrival of a signal by 
processing the outpute of two simulated orthogonal moving antennae and a 
reference antenna. The simulated movement in each direction in accomplished 
apid switching between elements of a linear array. The azimuthal and 
tion angles of arrival can be determined from the Doppler frequencies 
measured along the two orthogonal axes, This approach provides a method 
ol avercoming the reradiation problems aboard shi; well as providing 
ival information. A worst-case anslyeis of the DF 
de by Spencer, Watkins and Greiser? by considering the 
ation dus „о & resonant mast. The azimuthal angle errors were deter- 
1 RMS at 4 MHz and 4. 3 degrees RMS at 8 MHz for 


To employ this approach for a target Doppler signal (i.e., з 
pignal source whose frequency changes with time) the frequency of the target 

the Doppler measurements are made must be separately 
g., from the reference antenna). These measurements then can 
d in a manner similar to that for a CW source. 


44 (U) COMPARISON OF MB/PR AND SLAD SYSTEMS. 


The MB/PR technique has the potential to provide much better 
DF accuracy than the SLAD approach for surface waves. However, the MB/ 
PR method does not perform well against akywave si, nals and does not pro- 
vide elevation angle-of-arrival information. The storage requirements 
of MB/PR processing are more severe than the SLAD technique becau; 
of the sis? of the calibration matrix, In contrast, the SLAD approach 
provides the capability to use skywave information and doer determine ele~ 
vation angle of arrival. However, because of its comparatively poor DF 
accuracy tt does not meet the general DF requirement: 


4 Op. cit. і 
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2 4.4 (U) що Continued. H 


Both approaches should be investigated in more detail before 
t апе method is selected over the other for a specific application. The MB/ 

PR technique ie expected to be tested using data from as experimental 
»hipborne DF antenas array. A demonstration of this technique in expected 
16 occur sooner than one far the SLAD technique. Й 


| 
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